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A pure bipartite quantum state is entangled if it can not be written as

The reduced state is mixed and given by a density operator

The largest eigenvalues                                   of        contain information about 
the nature of entanglement between subsystems A and B. [Li, Haldane 08]

⇢A�1 � �2 · · · � �r

�1 � �2 · · · � �r{Tr(⇢nA)}n=1,...,r

Newton-Girard Formula

Entanglement spectroscopy

[Song et al. 2012]

<latexit sha1_base64="6SG6xojEV1/RpAWDMnNeLxZIR7g="></latexit>

⇢A = TrB(| ih |AB)

<latexit sha1_base64="6xTv263ryg+mDS32AMix51JcQgs=">AAACM3icbZBLSgNBEIZ7fMb4irp00xgEV2EmiLo0ceMygolCJgw9nYpp0tMzdNcIYZibeA0v4FYvIO5E3HkHOw9EEwsafr6q4q/+w0QKg6776iwsLi2vrBbWiusbm1vbpZ3dlolTzaHJYxnr25AZkEJBEwVKuE00sCiUcBMOLkb9m3vQRsTqGocJdCJ2p0RPcIYWBaUTfwCY+YkReZDV6jn1FdAfFtQsiFFEYH7Bel4MSmW34o6LzgtvKspkWo2g9Ol3Y55GoJBLZkzbcxPsZEyj4BLyop8aSBgfsDtoW6mYtexk4//l9NCSLu3F2j6FdEx/b2QsMmYYhXYyYtg3s70R/K/XTrF31smESlIExSdGvVRSjOkoLNoVGjjKoRWMa2FvpbzPNONoI/3jEmpm8xkH483GMC9a1Yp3UvGujsvn1WlEBbJPDsgR8cgpOSeXpEGahJMH8kSeyYvz6Lw5787HZHTBme7skT/lfH0DRQmrpg==</latexit>

| iAB 6= | Ai ⌦ | Bi
<latexit sha1_base64="TcRh9io/DNVSTXjAvFrVIYEnepo="></latexit>

A
<latexit sha1_base64="pjkZklnRpNBKpm2w/5hKa/3Akh4="></latexit>

B
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A pure bipartite quantum state is entangled if it can not be written as

The reduced state is mixed and given by a density operator

The largest eigenvalues                                   of        contain information about 
the nature of entanglement between subsystems A and B. [Li, Haldane 08]

Key observation:

⇢A�1 � �2 · · · � �r

�1 � �2 · · · � �r{Tr(⇢nA)}n=1,...,r

(Classical Computer)(Quantum Computer)

Entanglement spectroscopy

[Song et al. 2012]
Newton-Girard Formula

<latexit sha1_base64="6SG6xojEV1/RpAWDMnNeLxZIR7g="></latexit>

⇢A = TrB(| ih |AB)

<latexit sha1_base64="6xTv263ryg+mDS32AMix51JcQgs=">AAACM3icbZBLSgNBEIZ7fMb4irp00xgEV2EmiLo0ceMygolCJgw9nYpp0tMzdNcIYZibeA0v4FYvIO5E3HkHOw9EEwsafr6q4q/+w0QKg6776iwsLi2vrBbWiusbm1vbpZ3dlolTzaHJYxnr25AZkEJBEwVKuE00sCiUcBMOLkb9m3vQRsTqGocJdCJ2p0RPcIYWBaUTfwCY+YkReZDV6jn1FdAfFtQsiFFEYH7Bel4MSmW34o6LzgtvKspkWo2g9Ol3Y55GoJBLZkzbcxPsZEyj4BLyop8aSBgfsDtoW6mYtexk4//l9NCSLu3F2j6FdEx/b2QsMmYYhXYyYtg3s70R/K/XTrF31smESlIExSdGvVRSjOkoLNoVGjjKoRWMa2FvpbzPNONoI/3jEmpm8xkH483GMC9a1Yp3UvGujsvn1WlEBbJPDsgR8cgpOSeXpEGahJMH8kSeyYvz6Lw5787HZHTBme7skT/lfH0DRQmrpg==</latexit>

| iAB 6= | Ai ⌦ | Bi

<latexit sha1_base64="m+j8A9LHSYc773kKN/5SbGgjj+0="></latexit>

Tr(⇢nA) = h |⌦n ⇡cyclic

A | i⌦n

<latexit sha1_base64="TcRh9io/DNVSTXjAvFrVIYEnepo="></latexit>

A
<latexit sha1_base64="pjkZklnRpNBKpm2w/5hKa/3Akh4="></latexit>

B
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• Algorithm based on the Hadamard Test [Johri, Steiger, Troyer 17]

Previous algorithms for Tr(𝜌!")

• Algorithm based on the Two-Copy Test [YS, Cincio, Coles 19]

• Other (arguably) less NISQ-friendly algorithms [Lloyd, Mohseni, 

Rebentrost 14], [Subramanian, M.-H. Hsieh 19], …
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• Algorithm based on the Hadamard Test [Johri, Steiger, Troyer 17]

Previous algorithms for Tr(𝜌!")

• Algorithm based on the Two-Copy Test [YS, Cincio, Coles 19]

• Other (arguably) less NISQ-friendly algorithms [Lloyd, Mohseni, 

Rebentrost 14], [Subramanian, M.-H. Hsieh 19], …
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Two-Copy Test

<latexit sha1_base64="5vYht7eO/onDvbnxfozj1gVrm/w="></latexit>

| i /
Bell basis
measurement| i / U

<latexit sha1_base64="0PIpJs1EaMZqGbwtryrGtjC0RBM="></latexit>

| h |U | i |2

State Overlap

<latexit sha1_base64="zryEAuu7vRkkRE6RjGOuYjgxN6A=">AAACFHicbVC7SgNBFJ2Nr7i+opaCDAbBKuxaaDoDNpYJmAckIcxOZpMhs7PrzF1hWVJa2arfkkJsxNbeb/AfxMmjMIkHLhzOuZd77/EiwTU4zpeVWVldW9/Ibtpb2zu7e7n9g5oOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1b3A99uv3TGkeyltIItYOSE9yn1MCRqqITi7vFJwJ8DJxZyR/9TaqfD8cj8qd3E+rG9I4YBKoIFo3XSeCdkoUcCrY0G7FmkWEDkiPNQ2VJGC6nU4OHeJTo3SxHypTEvBE/TuRkkDrJPBMZ0Cgrxe9sfif14zBL7ZTLqMYmKTTRX4sMIR4/DXucsUoiMQQQhU3t2LaJ4pQMNnMbYn6ieZUzz2S3lGuaMxhaNsmMHcxnmVSOy+4FwW34uRLRTRFFh2hE3SGXHSJSugGlVEVUcTQI3pCz9aL9Wq9Wx/T1ow1mzlEc7A+fwEjiKOb</latexit>

l

<latexit sha1_base64="zryEAuu7vRkkRE6RjGOuYjgxN6A=">AAACFHicbVC7SgNBFJ2Nr7i+opaCDAbBKuxaaDoDNpYJmAckIcxOZpMhs7PrzF1hWVJa2arfkkJsxNbeb/AfxMmjMIkHLhzOuZd77/EiwTU4zpeVWVldW9/Ibtpb2zu7e7n9g5oOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1b3A99uv3TGkeyltIItYOSE9yn1MCRqqITi7vFJwJ8DJxZyR/9TaqfD8cj8qd3E+rG9I4YBKoIFo3XSeCdkoUcCrY0G7FmkWEDkiPNQ2VJGC6nU4OHeJTo3SxHypTEvBE/TuRkkDrJPBMZ0Cgrxe9sfif14zBL7ZTLqMYmKTTRX4sMIR4/DXucsUoiMQQQhU3t2LaJ4pQMNnMbYn6ieZUzz2S3lGuaMxhaNsmMHcxnmVSOy+4FwW34uRLRTRFFh2hE3SGXHSJSugGlVEVUcTQI3pCz9aL9Wq9Wx/T1ow1mzlEc7A+fwEjiKOb</latexit>

l
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Two-Copy Test

<latexit sha1_base64="0PIpJs1EaMZqGbwtryrGtjC0RBM="></latexit>

| h |U | i |2

State Overlap

Depth 2 Q. Circuit

• Two copies of the state are needed

• All qubits are measured

• Postprocessing scales linearly in system size

YS, L. Cincio, P. Coles (2019)

<latexit sha1_base64="knzIxe91WVYRUF5pdZ50d1ZPpmw="></latexit>

| i / • H
⌦l

| i / U

<latexit sha1_base64="zryEAuu7vRkkRE6RjGOuYjgxN6A=">AAACFHicbVC7SgNBFJ2Nr7i+opaCDAbBKuxaaDoDNpYJmAckIcxOZpMhs7PrzF1hWVJa2arfkkJsxNbeb/AfxMmjMIkHLhzOuZd77/EiwTU4zpeVWVldW9/Ibtpb2zu7e7n9g5oOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1b3A99uv3TGkeyltIItYOSE9yn1MCRqqITi7vFJwJ8DJxZyR/9TaqfD8cj8qd3E+rG9I4YBKoIFo3XSeCdkoUcCrY0G7FmkWEDkiPNQ2VJGC6nU4OHeJTo3SxHypTEvBE/TuRkkDrJPBMZ0Cgrxe9sfif14zBL7ZTLqMYmKTTRX4sMIR4/DXucsUoiMQQQhU3t2LaJ4pQMNnMbYn6ieZUzz2S3lGuaMxhaNsmMHcxnmVSOy+4FwW34uRLRTRFFh2hE3SGXHSJSugGlVEVUcTQI3pCz9aL9Wq9Wx/T1ow1mzlEc7A+fwEjiKOb</latexit>

l

<latexit sha1_base64="zryEAuu7vRkkRE6RjGOuYjgxN6A=">AAACFHicbVC7SgNBFJ2Nr7i+opaCDAbBKuxaaDoDNpYJmAckIcxOZpMhs7PrzF1hWVJa2arfkkJsxNbeb/AfxMmjMIkHLhzOuZd77/EiwTU4zpeVWVldW9/Ibtpb2zu7e7n9g5oOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1b3A99uv3TGkeyltIItYOSE9yn1MCRqqITi7vFJwJ8DJxZyR/9TaqfD8cj8qd3E+rG9I4YBKoIFo3XSeCdkoUcCrY0G7FmkWEDkiPNQ2VJGC6nU4OHeJTo3SxHypTEvBE/TuRkkDrJPBMZ0Cgrxe9sfif14zBL7ZTLqMYmKTTRX4sMIR4/DXucsUoiMQQQhU3t2LaJ4pQMNnMbYn6ieZUzz2S3lGuaMxhaNsmMHcxnmVSOy+4FwW34uRLRTRFFh2hE3SGXHSJSugGlVEVUcTQI3pCz9aL9Wq9Wx/T1ow1mzlEc7A+fwEjiKOb</latexit>

l
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<latexit sha1_base64="knzIxe91WVYRUF5pdZ50d1ZPpmw="></latexit>

| i / • H
⌦l

| i / U

We compute: 

Algorithm based on two-copy test
<latexit sha1_base64="m+j8A9LHSYc773kKN/5SbGgjj+0="></latexit>

Tr(⇢nA) = h |⌦n ⇡cyclic

A | i⌦n

<latexit sha1_base64="0PIpJs1EaMZqGbwtryrGtjC0RBM="></latexit>

| h |U | i |2

State Overlap

Depth 2 Q. Circuit

<latexit sha1_base64="l4H3xgQOVyZK40UOIBBd8bi8dzg="></latexit>

|Tr(⇢nA)|2 = | h |⌦n ⇡cyclic

A | i⌦n |2
<latexit sha1_base64="zryEAuu7vRkkRE6RjGOuYjgxN6A=">AAACFHicbVC7SgNBFJ2Nr7i+opaCDAbBKuxaaDoDNpYJmAckIcxOZpMhs7PrzF1hWVJa2arfkkJsxNbeb/AfxMmjMIkHLhzOuZd77/EiwTU4zpeVWVldW9/Ibtpb2zu7e7n9g5oOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1b3A99uv3TGkeyltIItYOSE9yn1MCRqqITi7vFJwJ8DJxZyR/9TaqfD8cj8qd3E+rG9I4YBKoIFo3XSeCdkoUcCrY0G7FmkWEDkiPNQ2VJGC6nU4OHeJTo3SxHypTEvBE/TuRkkDrJPBMZ0Cgrxe9sfif14zBL7ZTLqMYmKTTRX4sMIR4/DXucsUoiMQQQhU3t2LaJ4pQMNnMbYn6ieZUzz2S3lGuaMxhaNsmMHcxnmVSOy+4FwW34uRLRTRFFh2hE3SGXHSJSugGlVEVUcTQI3pCz9aL9Wq9Wx/T1ow1mzlEc7A+fwEjiKOb</latexit>

l

<latexit sha1_base64="zryEAuu7vRkkRE6RjGOuYjgxN6A=">AAACFHicbVC7SgNBFJ2Nr7i+opaCDAbBKuxaaDoDNpYJmAckIcxOZpMhs7PrzF1hWVJa2arfkkJsxNbeb/AfxMmjMIkHLhzOuZd77/EiwTU4zpeVWVldW9/Ibtpb2zu7e7n9g5oOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1b3A99uv3TGkeyltIItYOSE9yn1MCRqqITi7vFJwJ8DJxZyR/9TaqfD8cj8qd3E+rG9I4YBKoIFo3XSeCdkoUcCrY0G7FmkWEDkiPNQ2VJGC6nU4OHeJTo3SxHypTEvBE/TuRkkDrJPBMZ0Cgrxe9sfif14zBL7ZTLqMYmKTTRX4sMIR4/DXucsUoiMQQQhU3t2LaJ4pQMNnMbYn6ieZUzz2S3lGuaMxhaNsmMHcxnmVSOy+4FwW34uRLRTRFFh2hE3SGXHSJSugGlVEVUcTQI3pCz9aL9Wq9Wx/T1ow1mzlEc7A+fwEjiKOb</latexit>

l
<latexit sha1_base64="wDdFFIUtnI5BbEQdTMd4KIFK1ns="></latexit>

| i =) | i⌦n

<latexit sha1_base64="mAXnKYqDQ4u+kUcBggI5cwwePkI=">AAACKHicbVDLSgMxFM34rPVVdekmWARBKDMi6rLgxoWLClaFtpRMetuGZpIhuaMOQz/C3/AH3OofuJNuXfgdpuMsfB0IHM45l3tzwlgKi74/8WZm5+YXFktL5eWV1bX1ysbmldWJ4dDkWmpzEzILUihookAJN7EBFoUSrsPR6dS/vgVjhVaXmMbQidhAib7gDJ3Urew3aftcq4ERgyEyY/QdbSPcY8ZTLgWnMZgowTw87laqfs3PQf+SoCBVUqDRrXy0e5onESjkklnbCvwYOxkzKLiEcbmdWIgZH7EBtBxVLALbyfJPjemuU3q0r417Cmmufp/IWGRtGoUuGTEc2t/eVPzPayXYP+lkQsUJguJfi/qJpKjptCHaEwY4ytQRxo1wt1I+ZIZxdD3+2BIaNgIcl10xwe8a/pKrg1pwVAsuDqv1g6KiEtkmO2SPBOSY1MkZaZAm4eSBPJFn8uI9eq/emzf5is54xcwW+QHv/ROW4Kfp</latexit>

U =) cyclic permutation
<latexit sha1_base64="J0UTU2eWjoICRJBFC9vd9/Q9np4="></latexit>

⇡cyclic
A
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We compute: 

This algorithm is:
• Requires         qubits

• Depth is 2 independent of problem size 

• Postprocessing scales as

YS, L. Cincio, P. Coles (2019)

n ⇤ k ...
...

Overlap MeasurementPermutation
Algorithm based on two-copy test

4kn
<latexit sha1_base64="BmcO1Lt83pB6b80opXeyJqny2Hs="></latexit><latexit sha1_base64="BmcO1Lt83pB6b80opXeyJqny2Hs="></latexit><latexit sha1_base64="BmcO1Lt83pB6b80opXeyJqny2Hs="></latexit><latexit sha1_base64="BmcO1Lt83pB6b80opXeyJqny2Hs="></latexit>

<latexit sha1_base64="m+j8A9LHSYc773kKN/5SbGgjj+0="></latexit>

Tr(⇢nA) = h |⌦n ⇡cyclic

A | i⌦n

<latexit sha1_base64="wDdFFIUtnI5BbEQdTMd4KIFK1ns="></latexit>

| i =) | i⌦n

<latexit sha1_base64="mAXnKYqDQ4u+kUcBggI5cwwePkI=">AAACKHicbVDLSgMxFM34rPVVdekmWARBKDMi6rLgxoWLClaFtpRMetuGZpIhuaMOQz/C3/AH3OofuJNuXfgdpuMsfB0IHM45l3tzwlgKi74/8WZm5+YXFktL5eWV1bX1ysbmldWJ4dDkWmpzEzILUihookAJN7EBFoUSrsPR6dS/vgVjhVaXmMbQidhAib7gDJ3Urew3aftcq4ERgyEyY/QdbSPcY8ZTLgWnMZgowTw87laqfs3PQf+SoCBVUqDRrXy0e5onESjkklnbCvwYOxkzKLiEcbmdWIgZH7EBtBxVLALbyfJPjemuU3q0r417Cmmufp/IWGRtGoUuGTEc2t/eVPzPayXYP+lkQsUJguJfi/qJpKjptCHaEwY4ytQRxo1wt1I+ZIZxdD3+2BIaNgIcl10xwe8a/pKrg1pwVAsuDqv1g6KiEtkmO2SPBOSY1MkZaZAm4eSBPJFn8uI9eq/emzf5is54xcwW+QHv/ROW4Kfp</latexit>

U =) cyclic permutation
<latexit sha1_base64="J0UTU2eWjoICRJBFC9vd9/Q9np4="></latexit>

⇡cyclic
A

<latexit sha1_base64="l4H3xgQOVyZK40UOIBBd8bi8dzg="></latexit>

|Tr(⇢nA)|2 = | h |⌦n ⇡cyclic

A | i⌦n |2

<latexit sha1_base64="8iaxc8bV2IWtZFeY/QyoYIsM18I=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfExjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXa6aNw</latexit>

A

<latexit sha1_base64="8iaxc8bV2IWtZFeY/QyoYIsM18I=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfExjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXa6aNw</latexit>

A

<latexit sha1_base64="8iaxc8bV2IWtZFeY/QyoYIsM18I=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfExjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXa6aNw</latexit>

A

<latexit sha1_base64="8iaxc8bV2IWtZFeY/QyoYIsM18I=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfExjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXa6aNw</latexit>

A

<latexit sha1_base64="8iaxc8bV2IWtZFeY/QyoYIsM18I=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfExjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXa6aNw</latexit>

A

<latexit sha1_base64="8iaxc8bV2IWtZFeY/QyoYIsM18I=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfExjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXa6aNw</latexit>

A

<latexit sha1_base64="DJSJdw8265dY8LPNwtJuRPe7n6w=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfQxjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXcmaNx</latexit>

B

<latexit sha1_base64="DJSJdw8265dY8LPNwtJuRPe7n6w=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfQxjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXcmaNx</latexit>

B

<latexit sha1_base64="DJSJdw8265dY8LPNwtJuRPe7n6w=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfQxjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXcmaNx</latexit>

B

<latexit sha1_base64="DJSJdw8265dY8LPNwtJuRPe7n6w=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfQxjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXcmaNx</latexit>

B

<latexit sha1_base64="DJSJdw8265dY8LPNwtJuRPe7n6w=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfQxjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXcmaNx</latexit>

B

<latexit sha1_base64="DJSJdw8265dY8LPNwtJuRPe7n6w=">AAACFHicbVC7SgNBFJ31GddX1FKQwSBYhV0LTWfQxjIB84AkhNmb2WTI7Ow6MyssS0orW/VbUoiN2Nr7Df6DOHkUJvHAhcM593LvPV7EmdKO82UtLa+srq1nNuzNre2d3ezeflWFsQRagZCHsu4RRTkTtKKZ5rQeSUoCj9Oa178e+bV7KhULxa1OItoKSFcwnwHRRipftbM5J++MgReJOyW5y7dh+fvhaFhqZ3+anRDigAoNnCjVcJ1It1IiNQNOB3YzVjQi0Cdd2jBUkICqVjo+dIBPjNLBfihNCY3H6t+JlARKJYFnOgOie2reG4n/eY1Y+4VWykQUaypgssiPOdYhHn2NO0xS0DwxhIBk5lYMPSIJaJPNzJaolygGauaR9A6YhJjpgW2bwNz5eBZJ9SzvnufdspMrFtAEGXSIjtEpctEFKqIbVEIVBIiiR/SEnq0X69V6tz4mrUvWdOYAzcD6/AXcmaNx</latexit>

B
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Qubit-efficient Algorithm [arXiv:2010.03080]

• Key intuition: When a register finishes its interactions, measure, reset, and 
reuse to load a new copy. Repeat as necessary for 𝑛.
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<latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit>

<latexit sha1_base64="iIC4Klo2uQ8BQhsJtN9xiNG0Z00="> 4OHXUj1woAhgfjGCPMoKFO9YAYUb1XiEeIoaw5i7vJRyOOcU8F4g8yU5PyrI0YXaRnkmw31i1m6v27nq11cioM42nxjPjhWEbG0bL2DZ2jLaBzffmB/Oj+Ql8Bl/BN/A9NV1cyNY8MXID/PgFBEau/w==</latexit>
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<latexit sha1_base64="iIC4Klo2uQ8BQhsJtN9xiNG0Z00="> 4OHXUj1woAhgfjGCPMoKFO9YAYUb1XiEeIoaw5i7vJRyOOcU8F4g8yU5PyrI0YXaRnkmw31i1m6v27nq11cioM42nxjPjhWEbG0bL2DZ2jLaBzffmB/Oj+Ql8Bl/BN/A9NV1cyNY8MXID/PgFBEau/w==</latexit>
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Qubit-efficient Algorithm [arXiv:2010.03080]

• Key intuition: When a register finishes its interactions, measure, reset, and 
reuse to load a new copy. Repeat as necessary for 𝑛.
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<latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit>
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<latexit sha1_base64="iIC4Klo2uQ8BQhsJtN9xiNG0Z00="> 4OHXUj1woAhgfjGCPMoKFO9YAYUb1XiEeIoaw5i7vJRyOOcU8F4g8yU5PyrI0YXaRnkmw31i1m6v27nq11cioM42nxjPjhWEbG0bL2DZ2jLaBzffmB/Oj+Ql8Bl/BN/A9NV1cyNY8MXID/PgFBEau/w==</latexit>
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Qubit-efficient Algorithm [arXiv:2010.03080]

• Key intuition: When a register finishes its interactions, measure, reset, and 
reuse to load a new copy. Repeat as necessary for 𝑛.
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<latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit>
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<latexit sha1_base64="iIC4Klo2uQ8BQhsJtN9xiNG0Z00="> 4OHXUj1woAhgfjGCPMoKFO9YAYUb1XiEeIoaw5i7vJRyOOcU8F4g8yU5PyrI0YXaRnkmw31i1m6v27nq11cioM42nxjPjhWEbG0bL2DZ2jLaBzffmB/Oj+Ql8Bl/BN/A9NV1cyNY8MXID/PgFBEau/w==</latexit>
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Qubit-efficient Algorithm [arXiv:2010.03080]

• Key intuition: When a register finishes its interactions, measure, reset, and 
reuse to load a new copy. Repeat as necessary for 𝑛.
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<latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="9BonNYj/l2kbo6ElMyF4xb+cRkw=">AAACBXicbVBNS8NAEJ3Urxqr1rOXYBE8lcSLHgUvHivYD2hL2Uw27dLNJu5OhBD6B7zqr/Em/gr/jLj9ONjWBwOP92aYmRdmUhjy/W+nsrO7t39QPXSPau7xyWm91jFprpG3MZWp7oXMcCkUb5MgyXuZ5iwJJe+G0/u5333h2ohUPVGR8WHCxkrEAhlZqTWqN/ymv4C3TYIVacAKo/rPIEoxT7gilMyYfuBnNCyZJoGSz9xBbnjGcMrGvG+pYgk3w3Jx5sy7tErkxam2pchbqH8nSpYYUySh7UwYTcymNxf/8/o5xbfDUqgsJ65wuSjOpUepN//Zi4TmSLKwhKEW9lYPJ0wzJJvM2pZsUhiBZu2R8hmFxlzQzHVtXsFmOtukc90M/Gbw6EMVzuECriCAG7iDB2hBGxAieIU35935cD6XuVacVcBnsAbn6xf3TZxz</latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="rc6E0MBldDATDxcry0Rf6zrRCMs="></latexit><latexit sha1_base64="4aI4USNSlrgqnE+3Pa8daewQx3c="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit><latexit sha1_base64="VDWN8g7mRXuQbbq1kYrWB90PXr8="></latexit>
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<latexit sha1_base64="iIC4Klo2uQ8BQhsJtN9xiNG0Z00="> 4OHXUj1woAhgfjGCPMoKFO9YAYUb1XiEeIoaw5i7vJRyOOcU8F4g8yU5PyrI0YXaRnkmw31i1m6v27nq11cioM42nxjPjhWEbG0bL2DZ2jLaBzffmB/Oj+Ql8Bl/BN/A9NV1cyNY8MXID/PgFBEau/w==</latexit>
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Qubit-efficient Algorithm [arXiv:2010.03080]

• Key intuition: When a register finishes its interactions, measure, reset, and 
reuse to load a new copy. Repeat as necessary for 𝑛.
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Honeywell System HO
• Tested on Honeywell 6-qubit ion trap quantum computer.

• We ran qubit-efficient algorithm on three 2-qubit states for                    .

The original algorithm would require 28 qubits, more than the 6 available.
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Effective Depth
• Numerical analysis shows qubit-efficient algorithms perform similar under noise.
• Circuit depth is a good heuristic in general. Deeper circuits perform worse.
• Depth can be a bad heuristic for circuits using resets.

− Evidence: Our circuits!

− Original algorithm has 𝑂(1)-depth

− Qubit-efficient algorithm has "Θ(𝑛)-depth

Qubit-efficient Alg.

Original Alg.
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Effective Depth

• Naïve idea: longest time any qubit goes between resets

• Counterexample:
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Effective Depth

• Effective circuit depth: maximum length of a path along which there is 
information flow.

• Then, both the original and qubit-efficient algorithms have effective depth 𝑂 1 .

• Reduces to standard depth for circuits without resets.
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Summary [arXiv:2010.03080]

• “Mid-circuit measurement and reset” is an underexplored tool that will be 
crucial for the utility of NISQ devices.

• Our algorithms for estimating Tr(𝜌!") require asymptotically fewer qubits but 
achieve similar noise resilience. This enables entanglement spectroscopy of 
larger quantum systems on NISQ devices than previously possible.

• Effective circuit depth generalizes standard depth to circuits using qubit resets. 
Useful for predicting noise-resilience of such circuits.

• Open Question: What other algorithms and applications can be made NISQ-
ready using qubit resets?


